This study considers the nonlinear relationship between the expected exchange rate change and the interest rate differential, using STR models (ESTR and LSTR), with Sharpe ratios, interest rate differentials and exchange rate volatilities as the transition variables. The results generally conclude that UIP holds with the larger Sharpe ratio and higher exchange rate volatility regime, which is consistent with the transaction costs and limits to speculation hypotheses. However, the interest rate differential, which is generally not used much as a transition variable, but when used in this study the result fails to support UIP in the upper regime, which suggests it is the risk not the pure return that determines the transition.
Introduction
Uncovered interest rate parity (UIP) is one of the key theoretical relationships used in analytical work in both international finance and macroeconomics and is an important assumption in exchange rate models. It implies that the interest rate differential should be equal to the expected exchange rate change. However, UIP has been rejected in most empirical studies, as high interest rate currencies tend to appreciate rather than depreciate. It is possible that arbitragers could receive a higher return through selling foreign currency and investing in domestic currency if the interest rate differential is greater than the expected depreciation of the domestic currency against the foreign currency. In this scenario, speculation through a carry trade strategy could earn a double profit from both the interest rate differential and exchange rate movements. There isn't currently a consensus on how to explain the failure of UIP, although the potential explanations for UIP deviations include the failure of rational expectations, the existence of a time-varying risk premium and nonlinear adjustment.
Most empirical studies on UIP have generally relied on a linear framework. However, it is difficult for a linear model to capture any potential nonlinear adjustment. Recently nonlinear models have become more popular in empirically based macroeconomic studies, including studies on the business cycle, the term structure of interest rates and exchange rate models. This is partially due to increasing interest in forecasting parameters using nonlinear techniques (Clements et al., 2004) . Studies suggest that the relationship between exchange rate movements and interest rate differentials may be nonlinear for a variety of reasons, including central bank interventions (McCallum, 1994; Anker, 1999; Cavoli and Rajan, 2006; Mark and Moh, 2007) , transaction costs (Baldwin, 1990; Dumas, 1992; Michael et al., 1997; Chen and Wu, 2000; Samimi et al., 2009 ), heterogeneous traders (Brock and Hommes, 1996; Guillaume et al., 1997; Kilian and Taylor, 2003; Grauwe and Grimaldi, 2005) and the presence of limits to speculation (Lyons, 2001; Sarno et al., 2006; Baillie and Kilic, 2006; Amri, 2008; Baillie and Chang, 2011) .
The smooth transition regression (STR) model has been applied widely in exchange rate determination studies, such as purchasing power parity (PPP), portfolio balance models and the monetary models. This is because in theory the behaviour of monetary policymakers in resisting rapid changes in the exchange rate and the interest rate could have a smoothing effect on UIP (McCallum, 1994) . Some studies have compared the STAR model with other nonlinear models such as TAR (Balke and Fomby, 1997) and
Hamilton's Markov regime-switching model (Hamilton, 1989) , and indicate that the STAR model provides a more realistic representation of exchange rate movements, because it is smoother and more gradual. Motivated by the previous literature, this paper will examine the nonlinear relationship between the expected exchange rate change and the interest rate differential using the STR models.
The main contributions in this paper with respect to previous studies are the following.
First of all, a variety of previous studies focus on the relationship between the exchange rate change and the forward premium. But, in this paper, the interest rate differential is used rather than the forward premium, as the latter required the additional assumption of CIP holding. In addition the forward market for emerging countries developed much later than the developed countries, so there is a lack of data when using the forward rates (Frankel and Poonawala, 2010) . Also the interest rate differential is considered as an important instrument for the conduct of monetary policy and in the carry trade, so it is the interest rate differential which is the main focus in this study. Secondly, we use a linearity test to decide on the presence of nonlinearity and to select the most appropriate STR models (LSTR or ESTR), rather than decide on the form of nonlinear model in advance (Baillie and Chang, 2011) . Thirdly, different transition variables such as the Sharpe ratio, interest rate differential and exchange rate volatility are included in this study. The use of exchange rate volatilities as transition variables provides a link between the risk premium (see Tai, 2004 ) and non-linearity as an explanation for UIP failure.
The data used in this study follows other similar studies and consists of monthly data of the one month interest rate and bilateral exchange rates against the US dollar. The reasons we chose the currencies used in this study is because the developed countries have the most traded currencies, whilst the sample of emerging currencies have not been used extensively in this type of study before and also have had varying experiences of their own financial crises. The data begins in 1986 for the developed countries, but in the early 1990s for the emerging economies.
The main findings of this study are that there is evidence of non-linear adjustment of the exchange rate in the context of UIP and that measures of risk such as the Sharpe ratio are the best transition variables, which provides further evidence of the importance of non-linearity to exchange rates, as shown in other studies such as Michael et al. (1997) , as well as the need to incorporate risk into exchange rate models as also found by Tai (2004) .
The remainder of this paper is organized as follows. Section 2 presents the previous literature outlining the nonlinear behavior of UIP based on the central bank intervention, transaction costs and the limits to speculation theories. In Section 3, the methodology is described, especially the STR models (LSTR and ESTR). Section 4 presents the main empirical analysis to determine whether nonlinear behavior affects UIP. Section 5 concludes and offers suggestions for further study.
Literature Review

Central Bank Intervention
One of the main causes of nonlinear adjustment of the exchange rate is central bank intervention in the foreign exchange markets. Generally monetary authorities tend to resist rapid changes in exchange rates and interest rate differentials. Even if central banks are not intervening to defend the exchange rate, they often tend to hold short-term interest rates relatively constant. This implies that short-term interest rate differentials will vary much less than other variables, which influences the risk of the country and might be a potential explanation for the negative parameter estimates of β.
The central bank intervention could have a smoothing effect on the relationship between interest rates and exchange rates, which may lead to smooth transition in the parameters of the UIP model. McCallum (1994) suggests that the behaviour of monetary policy could be responsible for the empirical failure of UIP. Anker (1999) investigates whether monetary policy can explain the UIP puzzle. The result is that a trade-off exists between the interest rate and exchange rate stability which could explain the failure of UIP and the policy reactions can explain why deviation from UIP differs systematically in terms of the exchange rate regime. The findings suggest that interest rate smoothing could be an explanation of the UIP puzzle. Christensen (2000) 
Transaction Costs
As mentioned in both the empirical and theoretical literature, transaction costs are an important explanation of the nonlinear dynamic adjustment in the exchange rate. The equilibrium models for exchange rate determination in the presence of transaction costs have been developed where deviations from PPP follow a mean-reverting nonlinear process in which the reversion speed has a direct relationship to the extent of the deviation from equilibrium. Although most studies to date have been applied to the PPP models, it could equally well be applied to UIP models. Baldwin (1990) develops a model in which risk neutral homogenous agents have a choice of whether to invest in home or foreign currency denominated assets, with a small transaction cost of moving between these two assets. Under this model, he shows that the presence of small transaction costs will produce a band, within this band no trade will take place and the expected change in the exchange rate will not be affected by the interest rate differential. Only when the interest rate differential falls outside the band do exchange rate changes relate to the interest rate differential and UIP holds.
Otherwise, UIP does not hold due to less incentive for investors to change their investment behaviour. Dumas (1992) analyses the nonlinear adjustment of deviations from PPP. He finds that within the transactions band the deviations from PPP are highly persistent but outside the band the dynamic process is fast and mean-reverting. He also mentions that the speed of adjustment depends on the size of the deviations. However, in the Dumas model, the deviations from PPP might persist for a long time, which is inconsistent with Michael et al. (1997) . He also finds support for the asymmetric behaviour of the real exchange rate, which has a higher probability of moving away from parity than moving back to it. Michael et al. (1997) analyse the equilibrium models of real exchange rate determination in the presence of transaction costs. Because of the transaction costs, the adjustment to PPP must be the same for positive and negative deviations from equilibrium, so they chose the ESTAR model. They find strong evidence that linearity is rejected and there is random walk behaviour for small deviations but fast adjustment for large deviations from PPP, which provides an alternative explanation for the failure of long-run PPP found in previous studies. Chen and Wu (2000) re-examine PPP adjustment in Japan and Taiwan using the ESTAR model. The result of this study is similar to Michael et al. (1997) . They state that there is no theoretical reason for distinguishing between the LSTAR and ESTAR models. The choice between the LSTAR and ESTAR models has to be based on the data. Granger and Teräsvirta (1994) suggest that the ESTAR model is useful when the data fluctuates rapidly over time. Samimi et al. (2009) 
Limits to Speculation
Motivated by the limited success of both statistical and economic based explanations, Lyons (2001) proposes a nonlinear model based on limits to speculation, which suggest that deviations from UIP occur and persist because no one is willing to trade on these deviations since other investment opportunities have a higher Sharpe ratio. Sarno et al. (2006) and Baillie and Kilic (2006) estimate exchange rates in a smooth transition regression (STR) framework and find strong evidence for the nonlinear relationship between spot rates and the forward premium. In the lower regime, UIP does not hold, but when Sharpe ratios are large, deviations from UIP become increasingly meanreverting, relative to the size of the Sharpe ratios. Sarno et al. (2006) have examined the limits to speculation hypothesis, using the relationship between spot rates and the forward premium in the context of an ESTR model. They find that the ESTR model is attractive because it allows a smooth transition between regimes and symmetric adjustment of the UIP deviations above and below the equilibrium level. They find strong evidence in support of nonlinearity in UIP deviations. In the lower regime, UIP fails to hold and UIP deviations are economically small and persistent. However, large deviations from UIP enable the exchange rate to move to the upper regime and UIP holds, so financial institutions could earn higher profits through a currency trading strategy and induce the exchange rate to mean-revert to the equilibrium. Baillie and Kilic (2006) found a nonlinear asymmetric relationship between exchange rate changes and the lagged forward premium using the LSTR model. They estimated LSTR models with a variety of transition variables, such as the lagged forward premium, monetary and income fundamentals and also variables associated with time-varying risk premia. The transition variables, which include measures of income fundamentals are generally found to be ineffective transition variables. They use LSTR rather than ESTR because a logistic function is more general and flexible when describing exchange rate dynamics, whereas the exponential function required strong restrictions. They also included asymmetric dynamic behaviour within the model, and find the adjustment to UIP not only depends on the absolute size of the forward premium (Sarno et al., 2006) , but also the sign of the magnitude of the forward premium. They found that UIP holds better when the US dollar is quoted at a premium and that UIP is significantly rejected when the US dollar is at a discount.
Amri (2008) examined the nonlinearities and asymmetries of exchange rates using the LSTR model with the risk adjusted forward premium as a transition variable. He finds the existence of nonlinear dynamics in the relationship between expected exchange rate movements and lagged forward premiums. This result confirms the evidence from other studies regarding the presence of the limits to speculation and transaction costs in the foreign exchange market. The results support the finding that the forward anomaly is apparent within the band, but UIP holds outside of it.
Baillie and Chang (2011) examined the forward premium anomaly based on the carry trade and momentum trading strategies. They use the LSTR model with transition variables related to the different currency trading strategies. UIP is found to hold in an upper regime where carry trades appear profitable, on the basis of interest rate differentials and where exchange rate volatility is high. The analysis of the carry trade is motivated by the limits to speculation hypothesise of Lyons (2001), where the existence of higher than usual profits from conducting carry trades attracts speculative capital and induces agents to trade these profitable opportunities away. Conversely, when carry trade profits appear low or negative, the forward bias is left unexploited and persists.
Data and Methodology
We have selected eight countries for the study and include a mix of developed and emerging economies to determine any differences between these two different types of country. The four developed economies used are the United Kingdom, Australia, Japan and Switzerland and their data runs from the beginning of 1986 to the end of 2009. These four countries were selected due to the importance of their foreign exchange markets and also their participation in the carry trade, especially for Japan. The four emerging countries used are Brazil, Mexico, Thailand and Russia, but due to a lack of data, will start from the early 1990's and run until the end of 2009, with Brazil beginning in 1994 m11, Mexico in 1994 m4, Thailand in 1995 m2 and Russia in 1995 m1. These four countries were selected due to Brazil and Russia being part of the important BRICS emerging economies, whilst both Thailand and Mexico have experienced currency crises over the recent past and it should be interesting to determine the effects of a crisis on UIP.
The data set consists of monthly data of the exchange rate and interest rate for both developed and emerging countries. The exchange rates are all bilateral against the US dollar, in terms of the domestic currency per dollar. Following other similar studies we have used the one month annualised interest rates for all countries. The data has been collected from two sources, Datastream and the Bank for International Settlements (BIS).
The exchange rate change is constructed as the first difference of the logarithm of monthly rates. The interest rate differential is the difference between the domestic interest rate and foreign interest rate. The Sharpe ratio is equal to ERt/σER, where ERt is the currency excess return (or UIP deviation) and σER is the standard deviation of the excess return. The exchange rate volatility is calculated by the appropriate univariate ARMA-GARCH (1,1) model for each currency, which could also be viewed as risk.
UIP suggests that the domestic currency is expected to depreciate when the domestic interest rate exceeds the foreign interest rate. The interest rate differential should equal the expected exchange rate change. The UIP condition is as follows:
where st denote the logarithm of the exchange rate at time t, it and it * are the domestic and foreign interest rate respectively. We follow the previous studies imposing rational expectations and risk neutrality, to produce the following empirical equation for UIP:
The null hypothesis for UIP is that α1=0 and β1=1. We also expect the error term to be stationary and uncorrelated with information available at time t. It is a widespread finding that the UIP slope coefficient is negative when using OLS estimation. This negatively correlated relationship between spot exchange rate returns and lagged interest rate differentials lead to the rejection of UIP, however this coefficient estimate might be regime-specific. We characterize nonlinear behaviour in the UIP regression as allowing for smooth rather than discrete adjustment using the smooth transition models.
Linearity Test
From the STR specification, the STR model can be reduced to a linear model when the speed of the transition is equal to zero. Therefore, it is necessary to test for the presence of linearity in the regression model by simply testing if γ is equal to zero in the transition function. Teräsvirta (1994) suggests using a second order and third order Taylor expansion to approximate the STR models. The auxiliary regression for testing for linearity is as follows: First of all, if H0 is rejected, a nonlinear regression is the most appropriate. Next the best nonlinear model is chosen dependant on H0 1 , H0 2 and H0 3 . The problem is that before the linearity test, a linear autoregressive model using information criteria must be specified and the delay parameter should be determined by minimizing the p-value of the linearity test (Teräsvirta, 1994 ). The linearity tests are then assessed against the STR models with each of the potential transition variables.
Smooth Transition Regression (STR)
The STAR models have been widely used for nonlinear modelling and allow the regressive parameters to change slowly. The other nonlinear models, such as TAR models and Markov regime-switching models usually consider a sharp switch, which may not always be a reasonable assumption. The STAR models are more realistic, based on the economic theory that policies change gradually rather than sharply. Similar to the STAR models, in the STR models adjustment takes place in every period and the speed of adjustment is governed by the values of a transition variable. The difference between them is that the STR models include exogenous variables in the regression.
The STR model 1 used to estimate UIP can be written as follows:
where F(.) is the transition function that determines the degree of reversion to UIP, zt is the transition variable, γ is the transition parameter and c is a threshold parameter. There are two particularly useful forms of the STR models that allow for varying degrees of regressive decay, these are the LSTR and ESTR models.
Logistic Smooth Transition Regression (LSTR)
Since we use a logistic function to model the dynamics of adjustment, we can model asymmetric behaviour for both large and small transition variables and the exchange rate may behave differently with each. The logistic transition function is:
The value of the logistic function is bounded between 0 and 1 and depends on the (8)) becomes a standard linear UIP regression:
While the upper regime with F(zt, γ, c)=1, (equation (8)) becomes a different UIP regression:
The LSTR model nests the standard UIP regression, to which it would collapse in the absence of nonlinearity. Equation (8) 
Exponential Smooth Transition Regression (ESTR)
Sarno et al. (2006) confirm the attractiveness of the ESTR model, because it allows a smooth transition between regimes and symmetric adjustment of the UIP deviations above and below the equilibrium level, which is consistent with the limits to speculation hypothesis. They also test for asymmetric nonlinearity considering the exchange rate changes with regard to positive and negative forward premia, but fail to reject the null hypothesis of no asymmetry in the STR model. The nonlinear modelling of the exchange rate literature concludes that the ESTR model is more realistic representation of the theory. The exponential function is:
The coefficients 
Results and Discussion
Having satisfied the tests for stationarity, The estimation results for both the unrestricted and restricted STR-UIP models using the Sharpe ratio as the transition variable are presented in Table 3 . In the nonlinear STR models, the UK, Mexico and Thailand have the slope coefficients β1 and β2 correctly signed according to the limits to speculation hypothesis and transaction costs. We find a negative β1 and positive β2 such that the UIP holds exactly when the transition function equals one. This result implies that for small Sharpe ratios, UIP does not hold, but for increasingly large Sharpe ratios (which are likely to attract speculative capital), reversion to UIP can occur rapidly. It also implies that, since reversion to UIP can occur rapidly for large Sharpe ratios, most observations of the UIP deviations are in the lower regime, potentially generating substantial persistence, as predicted by the limits to speculation hypothesis. The other countries have a negative β2 coefficient, which is inconsistent with the theory. The transition parameter γ explains the speed of the transition between regimes, the UK having a higher transition parameter, which demonstrates fast transition from one regime to the other, unfortunately it is insignificant. The threshold parameter c is nonzero and significant for all countries with the exception of Brazil and Thailand. The sum of β1+β2 measures the coefficients of the interest rate differentials in the upper regime, which are positive and close to one except for Brazil and Russia.
Several diagnostic statistics shown in Table 3 condition that UIP holds, in other words the deviations from UIP are equal to zero.
In the nonlinear models, we also test the theoretical restriction that α1=-α2, β1=1-β2. The results for the restricted STR-UIP models in Table 3 have significantly large and positive β2 coefficients and negative β1 coefficients which indicate that the UIP condition is more likely to hold, as a higher value of the Sharpe ratio is associated with the transition function equal to unity. The estimated threshold parameter c is highly significant in all countries except for Brazil and Thailand. In addition when the Sharpe ratio is low, the transition function equals zero, so UIP does not hold. It is the same with the unrestricted model in that the threshold parameters are highly significant with some exceptions and the residuals have no remaining nonlinearity at the 5% level. The transition parameters for Brazil and Thailand are significantly larger than other countries, which implies a fast transition speed. The significant threshold parameters could be interpreted as indicating that for the foreign exchange traders to change their investment strategies and portfolios, the benefit from changing their position should be high enough to cover the costs of such a move. This interpretation is consistent with the transaction cost as well as limits to speculation theories.
Given the transition function we have estimated is bounded between zero and unity, it is useful to graph the transition functions over time and against the transition variables. In The second column in Table 4 However, the β1 coefficients for Brazil and Thailand in the lower regime are insignificant and larger than the value predicted by theory. The reason for this unexpected result can be found in the transition function. In Figure 2 , the graph of the transition function against the transition variable for Brazil shows only a small number of observations (which are during the credit crisis) falling into the lower regime. But for Thailand, most of the observations are in the lower regime, especially after the Asian financial crisis. Along with the extremely large coefficients in the lower regime, the result suggests the estimated parameters for Thailand might not be realistic and may need to be estimated using alternative models. Table 6 presents the results for the STR-UIP models with the exchange rate volatility as the transition variable. The estimated unrestricted model's β2 coefficients are positive and significant except for the Mexican peso, which implies that UIP tends to hold in the upper regime. The threshold parameter is highly significant but relatively small, which could explain the benefit to the foreign exchange traders of a change in their strategies, but might still not be enough of an incentive to change. The transition γ parameters are large but insignificant except for Australia, which demonstrates a fast transition speed and a more abrupt type of switching in these countries. The significant and fairly small γ parameter for Australia implies a gradual transition between regimes and the significant and positive β2 coefficient is also found with the restricted model. Based on figure 3 it can be found that the transition function is close to unity during the crisis period when there is high exchange rate volatility. Combined with the results from the regression model, we find that UIP is more likely to hold in a regime where foreign exchange market volatility is high, which is consistent with the findings of Brunnermeier et al. 
Conclusions
This paper has considered the nonlinearity in the relationship between the exchange rate change and the interest rate differential. A number of STR models (ESTR and LSTR) with Sharpe ratios, interest rate differentials and exchange rate volatilities as transition variables have been analysed, having found evidence of non-linearity for the majority of countries tested. The estimation results based on the Sharpe ratio and the exchange rate volatility as transition variables generally give a better performance, which suggest that UIP holds in the upper regime, which is consistent with the transaction costs and limits to speculation hypothesis. However, the interest rate differential is generally found to be of less use as a transition variable and the nonlinear model did not support UIP overall.
With this transition variable, it appears it is the risk not the pure return that determines the transition. This suggests nonlinear adjustment and risk combined may be the best explanation of UIP deviations and suggests future research needs to concentrate on combining them within the model.
This study contributes to the UIP literature through a number of channels, there is clear evidence of non-linear adjustment of the exchange rate in UIP, which has been shown to occur when using the forward premium, but is also evident when using the UIP approach. In addition this has been shown to occur in both emerging as well as the usual Note: the first column of the table is the mean of Sharpe ratio (SR), which is calculated by the realized excess returns divided by the standard deviation of excess returns on an annual basis. The second column (min SR) is the minimum value of the annualized Sharpe ratio which leads to a shift from the lower regime to the upper regime, defined here is the value of the transition function equal to 0.5. The last column is the percentage of observations where the annualized Sharpe ratio is less than or equal to the minimum Sharpe ratio. 
